Introduction
In 1997, a committee of the United States National Re-Ž . search Council NRC issued a report on the health effects Ž . of residential exposure to magnetic fields NRC, 1997 . The NRC committee conducted a quantitative review and meta-analysis of 11 epidemiologic studies of childhood leukemia and residential exposure to magnetic fields published between 1979 and 1993. The review focused on characterizing the evidence for an association of childhood leukemia with three indicators of exposure: wire codes Ž . Wertheimer and Leeper, 1979 , distance from power lines, and average exposure G 0.2 mT, based on spot measurements. The committee chose these indicators because others, like calculated fields and 24-h measurements, were not used in enough studies.
For studies using wire codes, the committee used a four-level scheme to indicate a range of exposures. From lowest to highest, the levels were: very low current config-Ž . uration VLCC , ordinary low current configuration Ž . Ž . OLCC , ordinary high current configuration OHCC , and Ž . very high current configuration VHCC . In the committee's analysis, three of the four studies that used wire codes gave positive results, and two of the four were statistically significant. Pooling the four studies gave a w Ž . combined odds ratio of 1.5 95% confidence interval CI x 1.1-2.1 for wire codes of OLCC or higher compared to Ž . VLCC and an odds ratio of 1.3 95% CI 1.0-1.9 for OHCC or higher vs. VLCC wire codes.
For further analysis, the committee combined studies that used only distance measures with those using wire codes, reasoning that distance is an important element of the wire code. Five of the eight studies that reported either exposure measure were positive for distances -100 m or Ž wire codes of OLCC or higher two were statistically . Ž significant . Six studies were positive two statistically . significant for distances -50 m or wire codes of OHCC or higher. These comparisons had equal combined odds Ž . ratios of 1.4 95% CIs 1.1-1.6 and 1.1-1.8, respectively .
The results of four studies using spot measurements of magnetic fields were notably different. Two of the four indicated a positive association with average measured fields G 0.2 mT and none was statistically significant. The combined odds ratio for exposure to fields of 0.2 mT or Ž greater, as compared to lower field levels, was 0.9 95% . CI 0.6-1.5 . The committee did not present a statistical analysis of the three studies that had used calculations of Ž historical field exposures Feychting and Ahlbom, 1993; Verkasalo et al., 1993 . However, they noted having done such an analysis and that the results were similar to those of the review of Ahlbom et al. Ž . 1993 , indicating a positive association between childhood leukemia and exposures of at least 0.2 mT. The only study at that time to have used 24-h measurements of exposure Ž . London et al., 1991 was described as giving null results that were essentially identical for the 24-h metric and spot measurements.
Summarizing the results of the meta-analysis, the committee wrote, ''the results of the residential exposure studies to date present a fairly uniform picture supporting an association of childhood leukemia with wire codes, distance measures, and for the three Nordic studies, calcu-Ž . lated fields'' p. 144 . In light of those results, the committee described the lack of a parallel association with spot measurements of magnetic fields as ''an enigma.'' Alternative explanations involving selection bias, confounding, and measurement error were explored thor-oughly, but the committee found no evidence that such factors accounted for the findings.
The committee stated clearly that the exposure data obtained for the studies they reviewed may be imprecise or inaccurate indicators of residential exposure to magnetic fields. The committee's doubts about whether childhood cancer is associated with exposure to magnetic fields Ž . originate with the studies by Savitz et al. 1988 , London Ž . Ž . et al. 1991 . The committee wrote that, ''cumulatively, these three studies provide a very weak test of the hypothesis that measured residential magnetic fields are associated with childhood cancer,'' citing important problems with the measurement data. Their concerns included low participation in the exposure surveys and the temporal instability of measured fields relative to wire codes, distance to power lines, and calculated fields. The influence of temporal variability was not analyzed in detail, but other data suggest that the instability of measured fields may be an important consid-Ž eration Neutra and del Pizzo, 1996; Kromhout and Loomis, . 1997 . In conclusion, the committee recommended further research with improved methods of exposure assessment to resolve the enigma.
The objective of this review is to evaluate the impact of Ž . the addition of recent 1996-1997 studies on the evalua-Ž . tion conducted by the NRC 1997 . Although the methods of these new studies are similar to those used in the most recent studies included in the NRC review, they collectively add a significant body of new data. To evaluate the effect of these new studies, we used an analytical approach similar to that used by the NRC committee, and we provide estimates of combined effect measures using several exposure indicators.
Methods
We began by reviewing all studies on childhood leukemia and residential exposure to 50r60 Hz magnetic fields published in peer-reviewed journals over the period 1979-Ž . Ž . 1997 Table 1 . Table 1 column V shows the inclusion criteria for these studies used by the NRC review. For a Ž . comparison, in Table 1 column I-IV , we also show which studies had been included in previous quantitative Ž meta-analyses NRPB, 1992; Ahlbom et al., 1993; Washburn et al., 1994; Meinert and Michaelis, 1996 Table 2 .
For the studies listed in Table 2 , we calculated com-Ž bined effect measures RR, estimated by odds ratios in all . studies using both fixed and random effects analyses. In the fixed effects model, we used inverse variance weighting for the combined log odds ratio and a x 2 test for Ž . heterogeneity Greenland, 1987 . The Der Simonian and Ž . Laird 1986 method was used for the random effects analysis. These methods had also been used in the NRC Ž . 1997 analysis.
Combined RRs were calculated for seven different definitions of the exposure variable:
Ž . Fulton et al., 1980 Wire codes G OHCC 1.00 0.67-1.49 3. Savitz et al., 1988 Wire codes G OHCC 1.54 0.90-2.63 4. London et al., 1991 Wire codes G OHCC 1.68 1.14-2.48 5. Linet et al., 1997 Wire Feychting and Ahlbom, 1993 Calculated fields G 0.2 mT 2.7 1.0-6.3 12. Olsen et al., 1993 Calculated fields G 0.25 mT 1.5 0.3-6.7 13. Verkasalo et al., 1993 Calculated fields G 0.2 mT 1.6 0.3-4.5 14. Tynes and Haldorsen, 1997 Calculated fields ) 0.14 mT 0.8 0.3-2.4 15. Tomenius, 1986 Spot measurements G 0.3 mT 0.34 0.08-1.20 16. Savitz et al., 1988 Spot measurements G 0. Ž . not included in the NRC report. Regarding definition ii , we thought it would be of interest to show results based on distance from power lines as an exposure indicator. This indirect method of exposure assessment has been used outside the USA, mostly in Europe, so that the two grouping categories may also address geographical and other differences. NRC could simply not examine category Ž .
Ž . vi of studies, since only one paper London et al., 1991 was available at the time of the NRC analysis. Finally, Ž . definition vii includes the most recent studies, published in 1991-1997, which are characterized by improved meth-Ž . ods in exposure assessment calculated or measured fields and in study design. This latter definition is an attempt at identifying these higher-quality studies separately.
We did not conduct a dose-response analysis and used only a simple dichotomy of the exposure variable, as follows, based on data from the original publications:
Ž . i wire codes: ordinary high or very high current con-Ž . figurations VHCC, OHCC vs. ordinary low or very Ž . low current configurations OLCC, VLCC including underground cables; Ž .
ii distance: a 50-m cut-off was used whenever possible; and Ž .
iii calculated fields and direct measurements: a 0.2-mT cut-off was used whenever possible.
Results

Summary of New Studies
The NRC report did not include five studies of childhood cancer and magnetic fields that were published in 1996 Ž and 1997 Coghill et al., 1996; Linet et al., 1997; Michaelis et al., 1997; Petridou et al., 1997; Tynes and Haldorsen, . 1997 . These studies were conducted in the United Kingdom, Greece, Germany, the United States, and Norway, respectively.
Ž . The study in the UK Coghill et al., 1996 included 56 cases of acute lymphocytic leukemia, aged 0 to 15 years and diagnosed in the decade ending March 1995 with an equal number of age-and sex-matched controls. Cases were recruited by advertising, personal contacts, and refer-Ž . Ž . Journal of Exposure Analysis and Enzironmental Epidemiology 1999 9 2rals from a local health authority and a regional leukemia charity. The source of controls was not identified, but the authors noted that potential controls were identified by cases' parents, 'where possible.' Cases and controls were included only if they had the same bedroom for at least 1 year before diagnosis and no major changes had been made in the wiring of their houses. Electric and magnetic fields were measured for 24 h at the child's bed. Magnetic Ž fields were higher at the sleeping places of cases 0.070 . Ž . mT compared to controls 0.056 mT , but the difference was not statistically significant. However, the study did not provide any other information about exposure to magnetic fields, wire codes, or distance to power lines and consequently cannot be compared to the studies reviewed by the committee. It is not considered further in this review.
The study from Greece reported by Petridou et al. Ž . 1997 included 117 incident cases of leukemia aged 0 to 14 years and 202 hospital controls from a previous national study. Cases and controls were matched by age, sex, and place of residence, and were required to have an 'easily identified and accessed' address at which they had lived for at least 4 years. Eighty-two percent of those eligible among both cases and controls met these criteria. Exposures were characterized using information from the Greek national power utility to determine the distance from each child's house to the two nearest power lines and to classify the voltages of those lines. The nominal line voltage divided by distance was used as a measure of exposure, with alternative measures using voltage divided by distance squared and cubed. However, data were reported only by quintile, and neither the distance nor the line voltage was reported separately. The investigators also reported using a wire code adapted to Greek conditions, but used five levels with different categories than previous studies and did not specify the relationship of their wire codes to those used elsewhere. Odds ratios were near or below unity in the lower exposure groups and elevated among the most exposed using all exposure measures, with Ž . odds ratios of 1.50 95% CI 0.60-3.75 among those in the Ž y1 . Ž highest quintile of volts per meter V m and 1.56 95% . CI 0.26-9.39 for the highest wire code. Confidence intervals were wide for all odds ratios. This study could not be combined with others in the meta-analysis, as the exposure metrics were not compatible. Ž . The German study Michaelis et al., 1997 used cases of childhood leukemia from a population-based tumor registry and controls from local population registers. Fifty-nine percent of the eligible cases and a roughly equal proportion of controls participated in the exposure survey, giving 129 cases and 328 controls for whom measurements of magnetic-field levels could be obtained. Magnetic-field exposure was estimated by 24-h measurements taken in the bedroom and living room of the house in which the child had lived longest before diagnosis. Multiple spot measurements were also taken in each house and averaged as a second measure of exposure. Statistical adjustment was used to control for age, sex, social class, urbanization, and residential mobility. Exposures ) 0.2 mT were rare, with -1% prevalence among controls. Childhood leukemia was associated with 24-h mean exposures greater than 0.2 Ž . mT, with an odds ratio of 1.5 95% CI 0.4-5.5 . For the median exposure greater than 0.2 mT during 24-h, the odds Ž . ratio was 3.2 95% CI 0.7-14.9 . In contrast, spot measurements were not associated with childhood leukemia Ž . OR 0.9, 95% CI 0.2-3.6 . Ž . The US study Linet et al., 1997 included 638 cases with acute lymphoblastic leukemia before age 15 and 620 age-and race-matched controls selected by random-digit dialing. These represented 78% of eligible cases and 63% of eligible controls; both groups were participants in a larger, ongoing study. The investigators attempted to measure magnetic field levels in each house where the child had lived for at least 6 months during the preceding 5 years. Magnetic field exposures in the child's bedroom in each house that could be entered were measured for 24 h, and spot measurements were obtained in that room and other areas in that house. For a subset of houses, wire codes were also assigned for any power line within about Ž . 50 m 150 ft . Children with 24-h average exposures Ž . G 0.2 mT had an odds ratio of 1.5 95% CI 0.9-2.6 Ž relative to those with exposures -0.065 mT OR 1.24 in . unmatched analysis . Odds ratios were also elevated for Ž exposures between 0.200 and 0.499 mT, reaching 6.4 95% . CI 1.3-31.7 in a matched analysis for exposures between Ž 0.400 and 0.499 mT OR 3.28 in unmatched analysis, 95%
. CI 1.15-9.39 . However, the odds ratio for exposures Ž ) 0.500 mT was not elevated in the matched analysis 1.4 . in unmatched analysis, 95% CI 0.49-4.09 . Wire codes were not associated with childhood leukemia in this study. Odds ratios were not reported for spot measurements.
Ž . The study from Norway Tynes and Haldorsen, 1997 used methods similar to the study of Feychting and Ahlbom Ž . 1993 . Cases and controls were drawn from a cohort of children under age 15 who had lived near high-voltage transmission lines, with cases identified through a national tumor registry. Magnetic field exposures were estimated using a mathematical model similar to the one used by Feychting and Ahlbom, which incorporated historical data on line loads. Distance to the power line was used as second measure of exposure. The odds ratio for leukemia Ž . was greater than unity 1.4, 95% CI 0.8-2.6 among children who had lived from 100-50 m from power lines, but not among children who had lived -50 m from a line. A similar pattern was observed for calculated fields: the Ž . odds ratio was 1.8 95% CI 0.7-4.2 for exposure from 0.05 to 0.14 mT up to the time of case diagnosis and 0.3 Ž . 95%CI 0.0-2.1 for exposures ) 0.14 mT during the same interval. The results were essentially the same for exposures during only the last year before diagnosis. Only two leukemia cases had exposures ) 0.2 mT in the year Ž . before diagnosis OR 0.5, 95% CI 0.1-2.2 and none had average exposure over 0.2 mT for the entire time before diagnosis.
Meta-Analysis
Results of our meta-analysis are reported in Table 3 .
Ž . Combined relative-risk estimates RR for wire codes are c Ž . based on five studies and indicate a RR of 1.29 1.08-1.55 , when OLCC or lower is used as the reference category. In Ž . the NRC 1997 analysis, based on four studies, the com-Ž . bined RR was 1.48 1.18-1.85 . Ž . After the addition of the Linet et al. 1997 study, there is increased evidence of heterogeneity among the wire Ž code studies p s 0.08 in the NRC analysis vs. p s 0.03 . in this analysis , with a decrease of the random-effects Ž . RR , from 1.52 1.08-2.14 in the NRC analysis to 1.37 c Ž . 1-1.87 in this analysis. Substantial heterogeneity is also present among the five studies using distance from power Ž . lines as the exposure indicator p s 0.06 .
Reasons for this heterogeneity are difficult to explore given the relatively small number of studies. A modest effect of publication year was evident among the distance studies, and some effect of study location was found Ž . among the wire-code studies not shown . The wire coding procedure is known to be affected by poor geographical Ž reproducibility Leeper et al., 1991; Borghesi and Delpizzo, . 1994 , and striking differences in home distribution by Ž wire code category across studies have been noted Khei-. fets et al., 1997 . Furthermore, the study by Linet et al. Ž . 1997 differed from previous wire code-based studies in the proportion of study subjects included in the analysis. Ž While none of the previous investigations Wertheimer and Leeper, 1979; Fulton et al., 1980; Savitz et al., 1988;  . London et al., 1991 restricted the populations included in analyses based on wire codes, only 65% of the subjects in Ž . the Linet et al. 1997 study, who were selected for 'residential stability,' were included in the wire-code analysis.
Studies based on calculated fields alone were included in the wire code and distance group in the NRC analysis, since distance is a component of both the wire-code and calculated field. As compared to a previous meta-analysis Ž . based on three studies Ahlbom et al., 1993 , the addition Ž . of one later study Tynes and Haldorsen, 1997 Regarding direct magnetic field measurements, the new studies continue to support the absence of an association with spot measurements. The NRC report did not provide a combined estimate for 24-h measurements, since only one Ž . study London et al., 1991 was available at the time. The Ž updated evidence, based on three studies London et al., . 1991; Linet et al., 1997; Michaelis et al., 1997 , indicates an RR between 1.31 and 1.66 with lower confidence c limits ranging from 0.95 to 1.09 and upper limits from 1.82 to 2.53. There is also little evidence of heterogeneity among these studies.
Studies published between 1991 and 1997 display an improvement in exposure-assessment methods and in case-control selection compared to previous studies. A pooled analysis of these later studies, based on a cut-off at 0.2 mT, evidences RR between 1.37 and 1.63 with lower c confidence limits ranging from 1.03 to 1.16 and upper limits from 1.82 to 2.29. There is also little evidence of heterogeneity among these studies. These results are virtu-Ž . ally unchanged RR s 1.63, 95% CI 1.17-2.27 by adding c   Table 3 . Results of the meta-analysis of studies on childhood leukemia and residential exposure to 50r60 Hz magnetic fields. Michaelis et al., 1998 to the original Ž . study of Michaelis et al. 1997 in Lower Saxony.
Discussion
In this paper, we have attempted to evaluate how the new Ž . 1996-1997 studies on childhood leukemia and residential exposure to 50r60 Hz magnetic fields might change the assessment of the literature derived from the meta-anal-Ž . ysis of the committee of NRC 1997 .
Ž . The US study Linet et al., 1997 was the only new study to present data by wire code, and its results were unequivocally null for that measure of exposure. Using the US National Research Council committee's approach, three Ž . of five studies 60% now ' vote' for a positive association of childhood leukemia with wire codes, rather than three of four, as in the committee's original review. However, according to the committee's analysis, it would require a null study with nearly 1300 subjects to render the pooled odds ratio of 1.5 for the four previous studies statistically nonsignificant. The Linet study, with about 500 subjects, clearly falls short. As a result, the evidence for wire codes is weakened somewhat by this new study, but not nullified.
Ž . In contrast, the studies of Linet et al. 1997 and Ž . Michaelis et al. 1997 appear to strengthen the evidence for an association with measured magnetic fields ) 0.2 mT. Both studies individually reported very imprecise odds Ž ratios of 1.5 for 24-h mean exposures at this level note, however, that the Linet study used a referent group of -0.065 mT, rather than comparing those with exposures . ) 0.2 mT to all those with lower exposures .
The two new studies also appear to change the impression about the association of 24-h average magnetic fields with childhood cancer. Whereas there was no association in the only previous study to use that exposure index Ž . London et al., 1991 , both new studies did indicate a positive association, although without indication of a dose-response relationship within the studies. Ž . The study by Tynes and Haldorsen 1997 adds very little new information to the existing evidence about the risk of leukemia among children exposed to calculated fields ) 0.2 mT. The investigators did not present data tables for exposures ) 0.2 mT because the numbers exposed were too small. Dose-response patterns were inconsistent for exposures under 0.2 mT, an exposure level that was too low to provide clear distinctions of risk in the NRC committee's review of previous studies.
Because they did not report exposure metrics used in Ž . other studies, the investigations by Coghill et al. 1996 Ž . and Petridou et al. 1997 contribute very little to the literature on the relationship of childhood leukemia to magnetic fields, distance to power lines, or wire codes.
In summarizing the results of their review, the National Research Council committee wrote that the data existing as of 1993 were inadequate to reach a conclusion. At no point did they claim that magnetic fields have been shown to be non-carcinogenic. Instead, they described the observed association of childhood cancer with wire codes but not with measured fields as a contradiction needing further explanation and called for further research to resolve it.
The three new published studies of childhood leukemia that have contributed quantitative information on magnetic field exposures since the NRC review strengthen the evidence of an association of childhood leukemia with 24-h magnetic field measurements. At the same time, these new studies weaken the evidence that childhood leukemia is associated with wire codes and distance to power lines. Thus, the most recent studies, which incorporated improvements in exposure assessment, appear to be a step toward resolution of the contradiction the NRC committee described.
